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SUMMARY

EZECTIONORSUCTION

andBettyJoMoore

Informationcollectedfromthereferencedliteratureandsupple-
mentedby newsolutionsispresentedontheflowcharacteristics- velocity
field,pressuredr~p,sndfriction- forsteady,fullydevelopedlaminar
flowthrougha ductconsistingoftwoparallelwalls,forflowthrough
tubeswithcircularcrosssectio~~andforbo~daw-kw f’~owoveri~-
finitewedges.Itisassmnedthatthefluideitherisejectedthrough
theporouswallsintothe-in floworis r=ovedfrcmthe-in flowby
suction.Thepropertiesofthefluidbothinthemainflowandinpass-
ingthroughtheporouswallsareassmedconstant,identical,andincom-
pressible.

In orderto determinetheextenttowhichtheboundaryconditionsim-
posedon the flowby thevariousgeometriesinfluencetheflowcharacter-
istics,dimensionlessp==eters c-on ~ bothc~el ad bo~dary-~yer

. flow(channelflowi%flowwithboundingwalls,e.g.,a tube)werede-
veloped.By usingtheseparameterstocomparethevarious flows,the
flowonsurfaceswithfluidejectionaswellas on solidsurfaceswas

x foundto dependmainlyonthelocalboundary-~yerthickness,onthe
pressuregradientinmain-flowtirecti~~=d ontheeJecti-onrat==
Whethertheviscousflowisconfinedina channelorunconfinedina
boundarylayeris ofsecondaryimportance.Thisfindingformsthebasis
forgeneralcorrelationsandshowstheconditionsunderwhichdataon
channelandboundary-layerflowareinterchangeable;italsoshouldbe
usefulforcalculationsby integralmethcds.

INTRODUCTION

Inthesearchforeffectivecoolingmethods,attentionhasbeenti-
rectedtowardsa methodknownas transpirationcooling.Ihthismethod,
thesurfacestobe protectedagainsttheinfluenceofa hotfluidstream
aremanufacturedfroma porousmaterial>=d a coldfluidisejected

. throughthewalltofow a protectivelayeralongthesurface.Certain

“
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areasontheskinofhigh-velocityaircraftmaybe providedwiththese
surfacesasprotectionagainsttheinfluenceofaerodynamicheating.
Poroussurfaceswithsuctionalsoareusedonairfoilsandbodiesofair-
crafttodelayseparationortransitiontoturbulence;inthesecases,
theflowalongthesurfaceis ofa boundary~layertype.Innuclearappli-
cations,theprotectionofthechannelwallsby transpirationcoolingis
ofprimaryinterest.

*

As a resultoftheseapplications,numerousstu~esoftheflowand
heattransferconnectedwithfluidejectionorsuctionthroughporoussur- $.
faceshavebeen-de recently.Analyticalinvestigationscoverlaminar ~“
two-dimensionalsteadyboundary-layerflow(ref.1),laminarflowthrough
ductsboundedby twoparallelwallswithoneorbothwallsporous(refs.
2 to4},andlaminarflowthroughtubeswithcircularcrosssection(ref.
5). S@miempiricaltreatmentsdealalsowithturbulentboundary-layerflow
overporoussurfaces(refs.6 toXi).

Thelaminar-flowcharacteristicsdeterminedinthesestudiesdiffer
markedlyfromonegeometrytotheother.Forinstance,thevelocitypro-
filesin laminarboundary-layerflowovera-flatplatebecomeS-shapedas
soonas fluidisejectedthroughthewallintothemainstream,andthe
wallshearstressandthefrictionfactordecreasewithincreasingejec-
tionrate. Inleminarflowthrougha circulartube,ontheotherhand,
theveloci~profilesbecomefuller,andthewallshearstressandthe
frictionfactorincreasewithincreasingejectionrate.An investigation
ofthereasonsforthesedifferencesinflowbehaviorandoftheorderof
importanceoftheparametersinfluencingthevelocit$fields(andthe .
frictioncharacteristics)in thevariousgeometrieswouldprovidea better
umderstsdingoftheinterplayofforcessurroundingtheflow-processde-
velopment.Italsowouldprovidespecificgecmetrygeneralizationsap~li- R
cableto otherconfigurations.

Thisreportpresentstheresultsofsucha studyconductedat the
NACALewislaboratoryforlaminarboundary-layerandchannelflow.The
parametersusedweredimensionlesspressuregradient,frictionfactor,and
flowratethroughtheporouswalls.m ord=Ztocomparethedifferent
flowgeometries,solutionswereobtainedforflowwithfluidejectionor
suctionthroughthewallsofa circulartubeandthroughoneorbothwalls
ofa ductboundedby twoparallelwalls.Thesesolutionswereobtainedon
an IBM650electroniccomputerendaregiveninthisreport;a fewnumer-
icalcasesforlaminarboundary-layerflowtithfluidejectionalsoare
included.Theflowcharacteristicsdescribedby thesesolutionsandby
solutionsavailableintheliteraturewereanalyzedinthemannerdescribed
intheprecedingparagmph. *

.
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SOLUTIONOFTEED~ I/WEQUATTONS

Laninar-FlowEquaticms

*

.

Inalloftheflowconfigurations,thefollowingconditionsare
assumed:thatthefluidisincompressible,thatthepropertiesofthe
fluidandofthecoolantareconstant,thatthemain-streamfluidandthe
fluidpassingthroughthewallhaveidenticalproperties.Two-dimensional
flowispreservedintheviscousboundarylayerandintheduct.With
two-dimensionalflow,thewidthismuchgreaterthantheheightinthe
duct. Inthepresentreport,thetermchannelflowsignifiesflowin
rectangularductsaswellas incirculartubes.Thetermductflowis
restrictedto flowina passageofrectangularcrosssection.Fully
developedflowisassumedinthechannels;themeaningof thistermfor
channelswithfluidejectionwillbe discussedlaterinthereport.
Rotationalsymmetryisassumedforflowthrougha tube,andsteadystate
ispostulatedinallcases.Inboundary-layerflow,a wedge-typeflow
(flowwitha velocityoutsidetheboundarylayerproportionaltosome
powerofthedistancefromtheleadingedge)isconsidered.Sucha
main-streamvelocitydistributionisestablishedinflowovera wedge
of infiniteextent.

Throughoutthissection,theequationsarenumberedto indicateby
stiixthetypeofgeometryused:no suffixwillindicatethefully
porouschannel;suffixa, thesemiporouschannel;suffixb, thetubej
andsuffixc,thewedge. (Thus,eq.(lb)showstubegeometry,(1c) wedge
flow,etc.)

Rectangularduct.- Fortheductgecmetry(fig.l(a)and(b)),the
foregoingassumptionsallowtheNatier-Stokesequationsofmotiontobe
writtenas (e.g.,ref.12,p. 48)

Thecontinuityequationis

(2)

.

9

au avz+%=o (3)

SymbolsaredefinedinappendixA.
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me. - Forflowthrougha tube(fig.l(c))}theequationsofmotion
ares=d in cylindricalcoordinates(e.g.,ref.12,p. 49):

Thecontinuityequationis

(lb)

(rb]

(3b)

Boundary-layerflow.- Fortheboundary-layerflowoverwedges,
(fig.l(d))thesimplificationstotheNavier-Stokesequationspro~osed
by Prandtlareused.Theequationsthenbecome(ref.12,chap.KC)

“* la a2u+V$=$+”~-Fx

a3 =o .-.Y

au avx+~=o

(lC)

.(2C)

(3C)

Boundaryconditions.- Fortheboundaryconditions,themain-flow
velocityu is specifiedaszeroat thesolidorporousboundary,and
thevelocitynormaltothewallmaybe eitherzeroora constantnegative
orpositivevalue.

Forthefullyporousrectangularduct,theflowis symmetricalabout
themidchannel,sothatonlyhalfthechannelneedbe considered.The
boundaryconditionsare

Y2 ‘

Y2 =

(4)

auO(midchannel);v = o;~=o

~ (Torouswall);v = Vw;u =0 I

.
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Forthesemiporouschannel,

Y~=O(soMd wall);v=O; u=O

yl = h (porouswall);v = Vw;u = O

Intheporoustube,

r = O (midtube);v = O;~= O

r =R (porouswall);v =Vw; u= OI
Fortheviscousflowovera wedge,

Yb=O (porous~11)j V = Vw; U = O

yb + . (mainstream);u + ~ I

-SimilarityTransformations

(4a)

(4b)

(4C)

Thereferencesshowthatsolutionsfora specialsetofboundary
conditionscanbe foundforalldifferentialequationspresentedin the
precedingsection.Thesesolutionsarecharacterizedby similarvelocity
profilesatvariousx-locations.Forchannelflowthisstilarityis
consistentwitha constantejectionor suctionvelocityVw. Forsuch
flow,thisconditioneitherrestrictstheshapeof thevelocityprofile
ina selectedupstreamcrosssectionorassumesa selectedupstream
distancethatisanalogousto thefullyestablishedflowconditionina
ductwithsolidWS~S. Ih channels withfluidejection,thesinzilarity
invelocityprofilesis encounteredwhenthechannelisclosedat some
upstreamcross-sectionlocationthatcanbe calculated.Inboundary-
layerwedgeflow,thesameconditionrequiresthat vw varyina speci-
fiedmannerinx-direction.

Thepartialdifferentialequationsdescribingtheflowcanbe trans-
formedunderthespecifiedconditionsintototaldifferentialequations
by theintroductionofpropernewvariables.Thecontinuityequationis
automaticallysatisfiedby a streamfunction$,whichisdifferentfor
eachofthegeometries.Theequationsofmotionthencanbe transformed
toordinarydifferentialequationsby theuseofa dimensionlesslength
coordinateanda dimensicmlessstreamfunctionf thatispostulatedto
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be a functiononlyofthedimensionlessnormaldistanceq. Both ●

parametersareconnectedwiththepreviouslyusedvariablesaccordingto
thefollowingtransformations: “-.<!.-

FullyporousductSemiporousduct !llibe Boundarylayer

TotalDifferentialEquations

Substitutionofthenewvariablesq and f intheappropriate
equationsofmotionresultedinthefollowingtotaldifferentialequa-
tions. Theboundaryconditions,givenby equation{4),arealsopre-
sentedintermsofthenewvariables.Thereferencesmentionedwith
eachgeometrypresentthederivationoftheequationsindetail.

- porousduct(refs.2 and3):

where

~z= O (midchannel);f2 = O;f; = O

72= 1 (porouswall);f2 = 1;f;= OI
Semiporousduct(refs.3 and4):

f! + Red w~f~2- ‘lf~}= A~ 1

~1=O (Sd.idmll)jfl = o; fi = O

n~= 1 (porous-11); fl= 1;fi= OI

(5) -

(5a)

(6a)

(6)

.

.
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Tube(ref.5):
d.-

where

33
•1
2

(f’z- ftf;)= At?&’ + f;+ Ret,w t

V$
Ret,wST

Tt= O (tidtube)jft = O;qtf#’= O

= 1 (porouswall.);ft =
I

(6b)
11~ l/2j f; = O

Itshouldbe notedtit thesolutionofequation(5b}as givenin
reference5 doesnotusetheboundaryconditionqtf~~(0)= O. Instead,
Wll<f; = 0,whichstemsfromequations(4)to (6)hereinandisful-
qt+o

filledbytheperturbationsolutionofreference5,isused. Sucha con-
ditionapparentlyallowsf~(0)to takeonanyvalueina nmericalsolu-
tionand,hence,isnotusefulinthenumericalsolution.Ithasbeen
replacedby thestatedboundarycondition,whichsatisfiesthedifferential
equationfor f; (0)finite.Thentheconditionlim fif~=O for

qt+o
● f“(0)finiteissl.sosatisfied.

ThesymbolA in equations(5)isan integrationconstantand,as
willbe shownlater,isrelatedto thepressuredropinx-direction.@
Wedge(ref.13):

~,,,+Eu+l
‘bf;-

m(f;~ - 1)= o
b 2

m = O (porouS~l~); fb ‘fb,~;f~ = O
I

Inthechannel-flowequations,thewall.
measureoftheejectionrateforthechannel

I
Reynoldsnumber
andthetube.

(se)

(6c)

R% isa

.

.
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Intheboundary-layer
calledtheEulernumber

or wedge flow, the

Eu

tiensimless

NACATN4102

v
parameter

(7) “-

isa measureofthepressuregradient,andthe&Lmenaionlessgrouping
$1=
a

(8)

characterizesthee~ectionrate.Equation_(8)alsoprescribesthevari-
ationofthevelocityVw withthedistanceinmain-flowdirectionx,
since fb)w isindependentof x:

Eufi-1

MethodofSolution

Perturbationsolutionsof equations
inreferences2,4,and5,respectively.

=-dResults

(5),(5a),and
Thesesolutions

(5b)aregiven

foreitherlargeor smallvaluesof Rew. Fora studyof
termediatevaluesof Rew,a numericalintegrationmethod
forthesolutionoftheseequations. ‘“-

are validonly
theflowatin- b

wasemployed
i

Equations(5),(5a),and(5b),togetherwiththeassociatedboundary
conditions,constitutea nonlinearboundary-valueproblemwiththeparam-
eter R%. Eachoftheseequationswassolvedby an iterativemethodus-
ingtheIBM650computer.Themach3neinputvaluesforthethreeequa-
tionswereestimatesforthefollowingparameters:A2 and f~(0)in
equation(5),Al and f~(0)inequation(5a),+ and f;(l)inequation
(5b). h thesolutionforthetube,theequationwasintegratedfrmn
7 =ltoq= O becausetheintegratingtechniquerequiredfindingthe
valueorthehigh-orderderivativeforthefirstfivepoints,andbe-
causedifficultywasencounteredin evaluatingf#’(0).

Ehchiteratimconsistedofan integmtionusingfive-pointfo~ulas =
anda subsequentmachinecalculationforthenexttrialvalues. The it-
erationprocesswasstoppedas soonas theboundargconditionswere

.
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correcttofour“decimalplaces.Thissametechniquewasusedforall
/ threeequations.Thefive-pointintegrationis describedindetailby
T AlbersinappendixB ofreference14.

A comparisonofthepresentresultswiththosefoundintheMtera-
tureisgiveninappendixB ofthepresentreport.Themodifications
requiredto overcomespecificobstaclesinthesolutionofequaticms(5),
(5b),and(5c)arediscussedinappendixC. An analogybetweenhoundary-
layerflowneartheseparationpointandchannelflowneara wallshear

a stressofzeroalsois suggestedinappendixC.
$

Theresultsofthenumericalsolutionsare presentedin tablesI to
IV,withthevaluesof f anditsderivativestabulatedasfunctionsof
7* InadditionW thetables,a representativesolutionforeachgemnetry
isgiveninfigure2. Thisfigureillustratesthebehaviorofthefunc-
tionswhenthegemetryis changed.No camnongroundappearstoexistin
thechangesfrm onegeometrytoanother.

RelationsBetweenTabulatedFunctionsandPhysicalQuantities
y
;+ Thefunctionsf (e.g.,fl,f2,f~,etc.)canbe interpretedinCY—

termsof quantitieswithevidentphysicalmeaning.

Velocity.- Thetabulatedfunctionf isconnectedwiththestream
functionw. Therefore,thefirstderivativef’ canbe relatedtothe.
velocity

By using-

as follows:

theappropriatetransformationandequation(3),

Z-ff .&. %2f&=-
t E(x)’ , E(x)

(9)

(9a)

(9b)

(9C)



10 NACATN4102

.

where,inchannel flow,

[m) 12 ( 4Red,~
= ii(o)1 -

Re2,0h‘)

[ ‘14Ret +
[ii(x)It=ii(o)‘~+Ret,@ b

(lob)

and =(0)istheaveragevelocityatanarbitrarilyassignedlocation
x = o. Equations(9)fid(10)’illustrateoneofthefundamentaldifz%r-
encesbetweentheboundedchannelflowand-thefreeboundary-hyerflow.
Forboundedflow,themaximumvelocity~ isdependentuponthesmount

.

ofsuctionorblowing,whereassuchan in~rdependencedoesnotexist
.-

fortheboundarylayerbetweenthefree-streamvelocity~ andthe
ejectionorsuctionrate.

l%essuregradient.- Theresultsgiveninreferences2 to5 show
thattheintegrationconstantA isa measureofthepressuregradient
inthemain-flowdirection.Forexample,usingequation(9)inrefer-
ence4 givesthefollowingequationforthesemiporouschannel:

Thus,usingequation(5a)hereinandsubstituting(seeSYMBOIS),

Ina similarmanner,theequationforthefullyporouschannel

Re2h a
3 =8A

Pfiz(x)x 2

and,fortheporous tube,

(m)

(11)

.

m

.

(llb) r

maybe obtained.
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Shearstress.- Theshearstressofa flowingfluidat a bounding
wallisgivenby

/3

‘.=@. =~(%)w

Useofequations(9)andthedefinitionof q
tion(12]resultsin

(daY (12)

in conjunctionwithequa-

.2w=?@MfIt
) h 2,W

.tw=azlp} R t,w

Wt#E p,
‘bjw= x b,w

forthevariousgeometries.

. COMMONPARMWHR3 FORBOUNDARY-LAYERAND CHANNELFLOW

(13a)

(m)

(13C)

ltrominformationavsilableforboundam-layerflowalonga surface3 withfluidejection,thelocslflowconditions,as describedby theshape
ofthevelocityprofileandby thelocalshearstress,areknowntobe
functionsmainlyofthelocalpressuregradi=t,thelocalblowingrate,
andthelocalboundary-layerthickness.Theprevioushistoryofthe
boundarylayeris ofminorimportanceunlesssuddenstepwisevariations
in oneoftheparametersoccurjustupstresmofthelocationunderccm-
sideration.Theboundary-layerthiclmesscanbe eliminatedasa param-
eterby expressingthepressuregradientandtheblowingratein dimen-
sionlessformwiththeboundary-layerthicknessusedasa characteristic
length.

Itmaybe suspectedfrcmthisknowledgethatthedifferencesbetween
channelflowandboundary-layerflow.iE1beminimizedwherethecompari-
sonismadeonthebasisof theseparameters;thiscomparisonis carried

6 outin thenextsection.Inthissection,thefollowingcomnondimension-
lessparametersforboundarylayerandforductflowaredevelopedand
expressedin termsoftheparameterspreviouslyused:

.
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Dimensionless

Dimensionlesss

boundary-layer

ejectionrate:

thickness:

Dimensionlesspressuregradient:

Re5*5*b
IT~=— $Pu: x

Dimensionlessfrictionfactor:

(15)

-w.

(16)
-—

“qJ
T -—Re= 5* (17)

+ P<

ThedisplacementReynoldsnumberRebx appearsin eachgrouping

and,aswillbe seenlater,allowstheevaluationOf Q, IIx,and T from —
numericalsolutionsof

Thedimensionless

thedifferentialequations. .

Boundary-hyerFlow
—
9

parametersexpressingtheejectionor suction
fb,w)thepressuregradientEu,andtheshearstressat thewall

#%
w 2 arebasedonthelengthx (ref.13)aadcanbe convertedto
parametersthatutilizetheboundary-lsyerdisplacementas d~inedby

5*6
Denotingtheparameter— by B,x

Re5*= Be

(M)

(19)
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.
Theejectionparemeter

layerdisplacementthickness/
7

13

@b (eq.(15)),whichusestheboundary-
5* (as Re5*),becomes

-v~ ~ Eu+l
‘b = B==B~ ‘bjw

%
(20]

EE2evelocityvb,w ispositiveforfluidejectiontithboundary-layer
flowandnegativeforthechannels,accordingto thenotationintroduced
before.Theminussignisinsertedin equation(20)in ordertomake
~ positiveforsuctioninallconfigurations.
be calculatedfromtheresultsin tableV andis

Toobtaina tiensionlessparsneterforthe
8* is substitutedfor x intheEulernumber.

x = 8*Reb*/B2

and,fromequation(7],

.

The

.

pressure-drop

-5*Re *
62Eu =

B2PL$

parsmeterllv~(eq.(16))is
-)=

rrb,x= -B2EU

Thev8he of @b can
giventherein.

pressuredrop
Itroraequation PZ3px,(19,

(21]

(22)

a parsmeterthatcanbe calculatedfromtableV andisgiventherein.

Theshearstressis givenbyequation(13c].Replacingx by 5*
resultsin

The

.

and
.

_ ‘b,w‘e&f“
b,w

(23)
~$ T

&huensionlessfrictionparameter(eq.(17))is

Tb= ZBf;,w (24)

maybe calculatedfromtableIV;resultsaregivenintableV.
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ChannelFlow
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Inorderto obtainchannel-flowparametersthatareanalogousto
thoseforbounda+ry-layerflow,a velocityanalogousto ~ anda length
analogousto S mustbe chosen.Itisreasonabletousethemaximum
velocity~ in thechannelcrosssectionunderconsiderationas the
characteristicvelocity.An equivalentboundary-layerthickness5* for
channelflowcsnbe obtainedfromtheequation

(25)

wheretheintegralis extendedfmm thewallunderconsiderationtothe
distanceym wherethemsximumvelocityoccurs.

Fullyporousduct.- Forthefullyporousduct,5* isthe-e for
eachsurface,sincethevelocityprofileis symmetric.

Theejection-rateparameterRed,w,whichisusedintablesI and
11,is convertedby introducing6* and ~. Thisprocedureyields

Theparsmeter

‘cd,W

corresponding

Vw h u#* ‘W h
“p ~ =~~*%*

to equation(15)is

5*
‘2 =rRedw

)

Thepressuredropin
Introducing5* and ~

channelflowisdetermined
intothisrelatiog_results

.

by equation(11).
in

Thepam.metercorrespondingtoequation(16)is,therefore,

(28)

.

.
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.

Thewallshearstressisgivenby equation(13).Replacingthe
J lengthx by 5* resultsin
?

.3
3

Mom this,thefrictionparemeter

T2=-
*%>W 8*

‘A,m z- (31)

whichcorrespondsto equation(17)is obtained.Theminussignarises
fromthefactthat yl wasmeasuredina directionoppositetotheone
usedforboundary-layerflow. Theparametersb*/h~*2)‘X,2>and T2

arecalculablefrominformationintable1.

Semiporousduct.- Thesemiporousducthasa different5* forflow
alongthesolidandtheporoussurface,since ~ generallyisnotat
thecenteroftheduct.

Thepressuredropandwall-shear-stressparametersforthesemi-
porousdu& aregiven-byequations(ha) and(13a).
respondingto equatims(15),(16),and(17)maybe
relationsandthedefinitionof Redjw inthesame
fullyporouschannel:

1

()

5*

*1,S = _ii s ‘ed,w,s

()
5*@l,p= ~ ‘ed,w,p

P

Theparameterscor-
obtainedfrom
mannerasfor

these
the

(32)

(33)
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Tl,s

2f“ (..)l,W,S 5*
‘ijm z-~
2f~~ E*‘Q(),Tl,p=- f~m T

> P

+

(34)

The signintheequationfor T is governedby thedirectioninwhich
y is measured.Theprecedingparametersmaybe calculatedfromvalues
intableIIandaregivenintableV.

Poroustube.- An investigationtodeterminehow 5* shouldbede-
finedsoas to correspondbestto theboundary-layer-displacementthick-
nessshowedthatthetube-flowparametersatieedbestwiththoseforthe
othergeometrieswhenequation125)wasuse~with y interpreted
radialdisticefromthetubewall(yw becomesequalto R).

Theejectionrateisexpressedintable111by theparameter
Introducing5* and ~ resultsin

andtheparametercorresponithgto equation(15)is

—

.

.

as the

Ret,w.
—

(35)

.

(36)

Thecharacteristicparemeterfortheyressuredropisgivenby equation
(llb). Introducing5% and ~ resultsin

(37)

By usingequations(37)and(9b)anddividingby2,thepressure-
dropparameterIIx(eq.(16))becmes

(38)

u
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wherethedivision

Fromequation

17

by 2 retchesIIt,xwith Hd,x forimpermeablewalls:
R% = O.

(13b)theparsmeterforthewallshearstress

‘t=-
~ f“,w6*

t,m R
al
E! whichcorrespondsto equation(17)is obtained.
* calculatedfrcmtableIIIandaregivenintable

COMPARISONOFFLOWCHARACTERISTICSFOR

ANDcEIUINELFLow

(39)

Theseparametersmaybe
v.

BOUNDARY-LAYER

Figures3 to 5 presenttheresultsof calculationsthatconverted
thevariousparametersusedin thesectionSOLUTIONOFTHEDIFFERMTIAL

y EQUATIONStotheonesdevelopedinthesectionCOMMONPMMMETRW FOR
~ BOUNDARY-LAYXRANDCEANNIZLFLOW. TableV presentsa sumuaryofthedi-

mensionlessparametersfordifferentgemnetries.

PressureGradient
.

Theejection-rateparameter@ isusedas theabscissainfigure3
becauseithastobe consideredastheindependentvariableforbourdary-

. layeraswellasforchannelflow. Thesituationis differentwithre-
gardtothepressure-dropPar-ter rIx.Thepressuredropisan inde-
pendentvariableforboundary-layerflowimpressedontheboundarylayer
by themin stream.Correspondingly,a seriesofdashedcurvesusing
theEulernumberasparameterrepresentstheboundary-layerflowinfig-
ure3. Forchannelflow,however,thepressuredropis uniquelydeter-
minedlytheejection-rateparameter,andonlyonecurveappearsinfig-
ure3 foreachgecmetryrepresentingtheductwithtm porouswalls,the
ductwithoneporouswall(consideringtheporoussurface),andthetube.

A comparisonofthecurvesforthevariousductgeometries(fig.
3(b))revealsthatthetwocurvesfortheductswithoneandtwoporous
wallsarequiteclosetogether.‘ThisproximStyindicatesthat,forthese
duct-flowgeometries,thepressure-dropparameterisalmostthesamefunc-
tionoftheejection-rateparameter.Forboundary-hyerflow,a certain

. valueof theEulernumberthatmakesthepressure-droppars.meterequalto
theoneforductflowexistsforeachejectionrate.Forthesolidsur-
face 3 = 0, thisEulernumberhasa valueofapproximately0.12. This
valueincreaseswithincreasingejectionrateandhas,forinstance,at
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*. - 2.0 a valueofapproximately0.4forthesemipor~duct,0.2for
thetube,and0.5”forthefullyporousduct~-asmaybe interpretedfrom
figure3(b).Toolittleinformationisavailableforsuctiononthe
variousgeometriestomakea detailedcomparison,but,ina qualitative
way,thedifferenceforthevariousgeometriesa~earstobe largerin
thisrange.

k’

ShearStress

TheshearparameterT plottedovertheejection-rateparameteris %
presentedinfigure4. A seriesofdashedcurveswiththeEulernumber

~

asparameteragainrepresentsbouudary-layerflow,audchannelflowis
shownby singlecurvesforeachofthevariousgeometries.In thesuc-
tionrange,noagreementexistsbetweenthevariouschannelflows,even
ina qua33.tativeway. Thecurvesfortheductswithoneandtwoporous
wallsagainagreequitewe~ witheachotherin theejectionrange;the

.—

valuesfortubeflowaresomewhathigher.Theshear-stressparameter
forzeroejectionisidenticalforallchannelgeometries.Again,am
Eulernumberthatmakestheshearparameterforboundary-layerflowagree
withthevaluesfor.thevariouschannelflowscanbe determinedforeach
ejectionrate(e.g.,at 4 = -2.0,Eu = 0.3 forthesemi~orousduct, .—

EU = 0.45 forthefullyporousduct,and Eu> 1 forthetube).

An inspectionoffigures3(b)and4 revealsthat,forthetwoduct
flows,theEulernumbersobtainedinthiswayareinextraelygoodagree-
ment. Thus,thefrictionparametersforductflowandboundary-layer
flowarealmostidenticalwhentheproperpressuregradientischosenfor

._

theboundarylayer.Theagreementis lessgoodbetweenthetubeflowand
theboundary-layerflow.A comparisonoffigures3(b)and4 alsoreveals @
thatinbothductsa slightsuctioncorrespondingtoapproximately
@ = 0.5 niikesthepressuregradientvanish.Thefrictionparameter
agrees very well withtheoneona flatplatewithconstantvelocity
outsidethebounda~layer.Theagreementis slightlylessforthefully
porousductthanforthesemiporousone. .-

Theshear-stressparameterwasalsocalcdatedforthesolidwallof
theductwithparallelwalls.Withfluidejectionat theporouswall.,
theshear-stressparameterforthesolidwall(notshowninfig.4) takes
onvaluesbetween1.33and1.47,whicharenottoofarfromthevalueof
1.33thatisvalidforallchannelgeometriesandforzeroejectianrate
(fig.4]. TableV(b)presentstheseshear-stressparameters forthe
solidsurfaceasa functionofejectionors~tionrate.

VelocityProfiles

Inordertomakea validcomparisonofthevelocityprofiles,a
pressure-dropparameterwasselectedsothatprofileswereavailablefor

*

r
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eachgeczuetrywitha pressure-dropparametercloseto the
Figure5 plotstheseprofilesas thevelocityratio uj~
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selectedone.
overthedi-

mensionlesswalldistancey/6*. Thevelocityprofileforboundary-layer
flowwasselectedas thatwithanEulernumberclosesttothevaluethat
wouldmakethepressure-dropparameteroftheboundarylayeragreewith
thatofthechannel.

Thedataoffigure5(a)arevalidat zeroejection.Inthiscase
thevelocityprofilesforallchsnnelflowsbecomeidenticalin shape,and
theboundary-layerprofileagreesquitecloselytiththechannelprofiles.
Theagrementwouldbeevenbetterifa boundary-layerprofilefora
pressure-dropparameterof -0.222hadbeenusedforthecomparison;such
a solution,however,isnotavailable.Figures5(b)and(c)showincreas-
ingblowingrates,andfigure5(d)givesejectionratesthatbringthe
pressure-dropparsmeterclosetozero.Thevariousvelocity profilesin
eachfigureagreeverywellwitheachother,andthedifferencesfrom
onefiguretothenextalsoareremarkablysmall.Certaincharacteristic
trendsexistforthevariousgeometries.Thetube-flowprofileat higher
ejectionratesis,forinstance,fullerthsnthechannelortheboundary-
layerprofiles.Thisfullnessalsoisreflectedinthefactthatthe
shear-stressparameterfortubeflowishigherth forthechannelflows.
Thebounbry-layerprofiles,ontheotherhand,approachthevalue
uj~ = 1 moregraduallythanthechannel-flowprofiles.

Generally,thecharacteristicsoftwo-dimensionallaminarflow,as
indicatedbythedimensionlessshear-stressparameterandby theshapeof
thevelocityprofiles,appeartobe determinedmainlyby theejectionrate
andby thepressuredropintheflow.Whethertheflowisunconfinedas
inboundarylayersorconfinedas ina ductis ofminorimportance.The
curvatureoftheboundingwallsofthechannel(i.e.,whetherthechannel
isa tubeora duct)hasa greaterinfluenceas canbe seenfroma com-
parisonofductorboundary-layerflowwithtubeflow.Forlargerejec-
tionrates,eventheinfluenceoftheejectionparameterontheshear
parameter&d ontheprofile

Thereareseveralareas
be useful,forinstance,the
mentumintegralequationand

shapebeccmesquitesmall.

Applications

ofresearchinwhichthesefindingsshould
developmentofa procedurebasedon themo-
onthevelocityprofileshapeestablished

Infigures5 and6. Sucha procedureshouldallowaccuratecalculations
oftheflowinporouschannelsandoverporoussurfacesbothwithfluid
ejectionandwiththeproperpressuregradient.Theseboundary-layerand
channel-flowrelationsshouldalsobe helpfulindectdingwhatinforma-
tiononboundary-layerflowcanbe obtainedfrom~erimentsin channels
thataremoreamenableto experiment(ref.15). Inthisconnection,the



20 NACATN 4102

influenceofsurfaceroughnessandporesize(encounteredina fabri-
catedporouswall)is stillan openquestion.Ithasbeenseenthat,in
a ductwithconstantcross-sectionalareainflowdirection,onlyoneof
thetwoparameters@ and llxcanbe adjustedatwill. However,when
theductisdesignedin sucha waythatthecross-sectionalareacanbe
madetoincreaseordecreaseinflowdirection,anypressuregradient
correspondingtoa desiredEulernumbercanbeproduced.

CONCIU310NS
Solu%ionsoftheequationsdescribingleminarsteadyflowthrougha

ductconsistingoftwo~rallelwalls,flw-througha tubewithcircular
crosssection,andboundary-layerflowovera wedgewithfluidejection
andsuctionthroughtheporouswallspointoutthefollowingfacts:

.

—

1.Commondimensionlessparameterscanbe developedforallinvesti-
gatedgeometriesby usinga properlydefineddisplacementthicknessas
thereferencelengthandthemaximumvelocityas thereferencevelocity.

2. Comparisonofthevariousflowgeometriesonthebasisofthese —

parametersindicatedthatthelocalflowcoriditions(velocityprofile-
frictionfactor)dependprimarilyonthelocalpressure-drop”andfluid-

.

eJectionrates.

3.Undertheconditionsexistingwhenboththepressure-dropand
fluid-ejection-rateparametersarematchedforthedifferentgeometries: .

(a)Theconfinementoftheflowina duct,orfreedomina boundary --
layer,influencestheflowonlytoa minordegree. .

(b)Curvatureofthesurfacenormaltotheflowdirectionhas a

strongereffectontheflowthantheeffectofthefactorlistedunder
(a),butnotas strongas theeffectofthelocalpressure-dropand
fluid-ejectionrates.

4. Theflowparametersfortheconditionwherefluidis suckedaway
fromthestreamthroughtheporoussurfaces-cannotbe investigatedinthe
samewayas forfluidejectionbecauseofinsufficientinformation.
Qualitatively,theinfluenceofthespecificgeometryonflowcharacter-
isticsappearstobe strongerin suctionthanin ejection.

LewisFlightPropulsionLaboratory
NationalAdvisoryComnitteefor Aeronautics

Cleveland,Ohio,September3,1957
.

—.

.
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P
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Ret
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Re2,0

APPENDIXA

SYMBOLS

constantofintegration(eqs.

arbitraryexponents

(5),(5a),(5b))

dimensionlessdisplacementthickness,5*&/x

frictioncoefficient,

Eulern.ber-,
Pl#

u== Const. (+)

Uensionlessstreamfunctian

first,second,andthirdderivativesof f withrespect
to q

channelheight(shownin figs.l(a)-d (b))

interpolationconstemt(eqs.(C4))

staticpressure

radiusoftube

distanceinnormalflowdirectionfortube

main-flowReynoldsnuniberusingaveragevelocityforsmi-
porousduct,2fi(x)h/Y “

main-flowReynoldsnumberusingaveragevelocityforfully
porousduct,~(x)h/U

main-flowReynoldsnmiberusingaveragevelocityforporous
tube,2ii(x)R/v

main-flowReynoldsnumberusingaverageinletvelocityfor
sdporous duct,2fi(0)h/~

main-flowReyuoldsnumberusingaverageinletvelocityfor
fullyporousduct,21i(0)h/v
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%, o

‘cd,w

%> w

‘eb,x

Re5*

u

v

x

Y

P

6*

IIx

P

main-flow Reynoldsnumber
poroustube,21i(0)R/v

NACATN4102

.
usingaverageinletvelocityfor

.

wallReynoldsnumberforporousduct,v#/v

wallReynoldsnumberforporoustube,v#/v

main-flowReynoldsnumberforwedgeflow,~x/v

displacementReynoldsnumber,-~5*/v

fluidvelocitypa=lleltowall

fluidvelocitynormaltowall

distanceinnmin-flowdirectim

distanceinnormalflowdirectionforallgeometriesexcept
thetube(see r)

parameter~

displacementthicknessin channelortube,~ym [,- ~) w

boundary-layerdisplacementthickness,Jm(l-:)w

dimensionless

dimensionless

dimensionlesss

dimensionlesss

normaldistancefor

norms distancefor

normaldistancefor

normaldistancefor

viscosityoffluid

kinematicviscosimoffluid,V/P

wedgeflow,y~~~

poroustube,(r/R)z

semiporousduct,y/h

fullyporousduct,2y/h

Q?!2QL%pressure-gradientparameter,Re5*
P~

densityoffluid

.

.
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T wall

Tw wall

‘l)w wall

~z>w wall

‘bjw wall

‘t)w wall

@ flow

23

Tw
frictionparameter,Re5*~

$f%
shearstress,p(&@y)w

shearstressfor

shearstressfor

shearstressfor

shearstressfor

v
parameter,~w Re~*

semiporous

fullyporousduct,2@i(x)f~,#h

wedgeflow,p~~f~ ~/x
>

t w~Rporoustube,2pii(x)f”
)

%n”

$ streamfunction

*1 stresmfunctionforsmiporousduct,hfi(X)fl

*2 h fi(x)fzstresmfunctionforftiy porousduct,~

v~ stre= f~ctionfor~~e flow,~~ fb

*t stresmfunctionforporoustube,R%(x)ft

Subscripts:

b boundarylayerorwedge

d duct

m msximum

P porouswall

s solidwall

t poroustube

w wall

x x-direction

——
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1 SeRlipO~OUS duct

2 fullyporousduct

1,11 trialnumber

m mainstreemoutsideboundarylayer

Superscripts:

averagevalue

. denotestransformeddimensionlessquantities(appendixB)

—.—

“ij
a—

.

.

.

.
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ATPENDIXB
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.

.

COMPARISONOFRESUTll?SWITEPREVIOUSINVESTIGMHONS

Thefollowingtablecmparestheresultsofthepresentnumerical
integratingtechniques(five-pointorRunge-Kuttaformula)withthoseof
othertechniquesandwithperturbationsolutions.Thecomparisonismade
forthefullyporousductandfortheporoustube. Theintegrationcon-
stantA 5,ndthefirstandsecondderivativesofthetabulatedfunction
f,f’(0)and f“(l),aregivenfordifferentvaluesofthewallReyaolds
numberRev forthefullyporousductandfortheporoustube.As noted
by equations(9]and (13),f’(0)and f“(l)arerelatedtotheratioof
maximumtoaveragevelocityandtotheshearstress,respectively.

(a)Fullyporouaduct

Inves-Refer- A2 f~(o) f;(1)
tlgatorence

Red,w= -20

Yuana 16 -26.7231.51365-2.6756
Berman 17 1.53s
(b) -- -i?,7.oZi341.5380 -2.6382

Red>w= 2

(a) -o●7031 1.4923 -3.085
(b) -~ -.7046 1.4923 -3.0964

ISellarsa18
yu~a 16
Bemlsn 17
(b) ‘-
(c) -- W

Red,w= 98

Sel.laxsa B 47.958 1.0213 -50.042
Yuana ls I.lS.853 1.5824 -2.4249
::; -- 53.3139611.0430000-16.7769-- 53.3139621.043000094.4472.—,
(c) -- 53.31396111.043CKX10]-18.9776

(b)Poroustube
Uwes-Refer-+ f;(o)f;(l)
tigatorence

I Ret-W= -10 I
Yuaua 5 I-7.4938Q.8698-1.2520
(b) -- -7.4752..8467-~.2052

I Ret,W=1 I

Yuana
I
0.66301.1726-0.7370

(b) -: .98071.2907-.5633

apefiw~timSolution*

%Zcesentreport,five-pointfommla.
cmesmtrewrt,Runge-KuttafO~k*
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Theresultsgivenforreferences4, 5 and16 (Yuan),and18 (Sellars) -
are calculatedfromequationsobtainedin theperturbationanalysesper-
formedtherein.Thereference17results(Berman)aretakenfroma curve
giveninthatreport,whichgivesvaluesonlyfortheratioofthemaxi-

.

mumto theaverageaxialvelocityfora seriesofejectionandsuction
parametervalues.

Thetableshowsthattheresultsforthefullyporousductatboth
Red,w= - 20 and”2agreewell.As notedinreference4,accurateper-
turbationsolutionsarelimitedtosmallvaluesof Rew whenthesolu- Rg;
tionisperturbedabout R% = O. Similarreasoningholdsforperturba-
tionsolutionsobtainedforlargevaluesof Rew;thatis,as Rew t-es ---”
on smallervalues,sucha solutionbecomeslessaccurate.Although
Sellars(ref.18]notedthathisapproachmaynotbe goodunless

—

Red,w=lCXl,a valueisincludedat Red,w= 40 fOrcomparisonpurposes. ,
Atboth Red,w= 40and98,theresultsofreference16aremuchhigher

—

thanthoseoftheotherstudies.

Fortheporoustube,theperturbationsolutionofYuan(ref.16)
at Ret,w= 10yieldsgoodvaluesnotonlyfor ~ and f.@) butalso
for f~(l)(and,hence,friction,eq.(13b)).At thesmallervaluesof

‘et,w~theagreementisfairat& buttiprovesas ‘et,w apprmches

O (e.g.,1).

.

.

.
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MODIFICATIONS

AnEImx c

REQUIREDANDEFFECTOFSTEPSIZEINNUMERICALSOLUTIONS

Duct

Sincefintinga solutionofequation(5)fora largeReynolds
‘umber‘ed,w(>40)proveddifficult,thefollowingtransformation

made:

Let

Ehibstitutionfor f2~v2~and ~ inequation(5)gives

was

(cl)

By choosinga,b, and c properly,theimportanttermsin thed3.ffer-
entialequationcanthenbe msdethesameorderin ‘ed,w(ref.14,p.
11). Thus,if a = 1/2,b = - 1/2,and c = 1, equation(Cl)reducesto

?2?;- F;2+X2 = Fy’ (C2)

where

~2= (Red,w/2)1/2f2

?2 = ~;

-@ f,,?; = (Red,w/2~ 2

Theboundaryconditionsassociatedwithequation(C2)arethen

nz=oj?j2=o;F2=o;F;=o

I
(C3)

~2= 1;~2 = (Red,w/2)~~2;?2 = (Red,w/2)1/2;?; = O
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Equation(C2}wassolvedfOr Red,w = 98 ontheIRM650computerby us- .

ingtheRunge-Kuttaintegratingmethod.Theresultsarelistedin table
I(j). Thissolutionwasthencheckedin theoriginaltotaldifferential .
equation(5b)by usingthefive-pointintegrationformulas.Resultsare
shownintableI(h)and(i). Inthisparticularcaseeightsignificant
figureswerenotsufficientto satisfytheboundaryconditions.The

—

changecausedbya differenceofonein theeighthsignificantfigure
canbe seenintableI(h)and(i}.A techniquesimilartothatdiscussed
laterforboundary-layerflowpossiblycouldbe usedby startingat
~ - 0.5. TheSellarssolutionofreference18alsoshouldbe usefulin $1
thisregion.

g

Tube

Fortheporoustube,twosolutionswere foundat Ret,w= 2 and
at Ret-w= 10. Ofthetwosolutionsfor Ret,w= 2,theonelistedin
tableIII(e](~ = 0.9087snd f:(l)= -0.5633)appearstofitbetter
withan extrapolationofthecurvedeterminedby thesolutionsforother
Ret,w values(fig.7). Thetwosolutionsfor Ret,w= 10 arefar
awayfromanyreasonableextrapolationofthecurveobtainedfromthe
othersolutions,and ~ isnotat thecenterofthechannel,asmaybe
seenfroma studyoftableIII(g)md (h).Althougha considerable
amountofeffortwasexpended,solutionsto equation(5b)satisfying
equation(6b)for 2 <Ret,w<10 werenotfound.A possibleex@ana-
tionforthelackof solutionsinthisrangefollows.

.—

A pressureriseinmain-flowdirectionis connectedwiththefluid r
suctioninchannelflowwhen R% is sufficientlyhigh. (Thepressure
increasesinflowdirectionwhen A ispositive,cf.eqs.(U.).)The
lackofsolutionsfortheintermediatesuctionrates(2cRet,w <10)
maybe analogousto thedifficultyencounteredbyHartree(ref.19)in
solvingtheboundary-layerequationneartheseparationpoint,whichis
definedasthesolutionof theboundary-layerequationwhere

—
f;(o)= o

‘r ‘b,w=0 (eq.(13c)).Intheporous-tutiecalculation,f~(l)isclose

to zerofor Ret,wS2 (seefig.7).

Similartroublewasencounteredinthesemiporousductfor
Red,w>13. As maybe seenin tableII(e),(f),and(g),f~(0)isap-

.-

proachingzerointhisregion;thatis,becauseofthesuctionat the
porouswall,thefluidispulledawayfrcmthesolidwall,andtheshear
stressat thesolidwalltendstowardzeroas separationat thesolid *
wallisimminent.No suchdifficultywasexperiencedforthefully
porousductand,forallvaluesof Red,w,f;(l)wasfarfromzero -“
(tableI(a),(b),and(c)).
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Inthegeometrieswherea numericalsolutionwasdifficult,there-
fore,thevaluesof R% aresuchthatthewallshearstressis close
tozero. T%i.sinstabilityforchannelflowpossiblyisanalogousto
thatdiscussedinreference19forseparatedboun&.ry-layerflow. If
desired,R% couldbefoundsuchthat f$(l)or f#(l)= O,whichwould
be analogoustoHartree’sfindingof p = - 0.1988,yieldingf#O) =0

(ref.19). Sucha calculationwasnotpursued.

Attemptsweremadewithoutsuccesstofindadditionalsolutionsof
equation(%) for Ret,w< 0. No attemptwasmadetofindan additional
solutionfor Ret,w= 1.

A fewsolutions
and23forthewedge
punchedcardson the

BoundaryLayer

inadditiontothoseinreferences13,20,21,22,
flowwereobtainedina similarmannerby using
IBMCard-ProgrammedCalculator.(Thesesolutions

werefoundshortlyafterpublicationofref.13,at whichtimean EM
650computerwasnotavailable.)Inthesesolutions(tableIV),eight
significantfiguresfor f~(0)werenotsufficientto satisfythebound-
aryconditionf~(-)= 1. Infact,one f~(q)curvewentabovethepre-
scribedfr(”)conditionandtheother(havinga f#O) valuethatdif-
feredbyonlyonein theeighthsignificantfigure)wentbelowit (fig.
6). Themethoddetisedforinterpolatingbetweenthesetwonear-solutions
consistedofusing,asa startingpointforthefinalintegration,inter-
polatedvaluesat someintermediatepoint(say ~ = 4)wherethediffer-
encesbetweensolutionsarein,perhaps,thesixthplace.Sampleequa-
tionsforthenewstartingvaluesare

fb‘~b,~+ (1- K) ‘b,II at qb‘4 1

(C!4)

By properchoiceof K, thedesiredconditionon f~(=)canbe ap-
proximatedcloselyenough.Theeffectivef~(0)wouldthenbe
IW;,l(0)+ (1-K]f’{,~I(o)#a numberwithmorethaneightsignificant
figures.TableIV givesonlytheinterpolatedvalues.
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EffectofStepSizeonSolution

A step-sizecheckwasmadeat theextremewallReynoldsnumberfor
eachofthechannelgeometries.Inmostcases,a step-sizeA~ = 0.025
wassufficientlysmall.Thefollowingtableshowstheresultsofthese—
step-sizechecks:

(a)Fullyporousduct

‘ed,w
-20
-20
20
20
98
98
98
98

f;(o) I %

T1.5380 -27.0284
1.5380 -27.0284
1.3549 16.4780
1 ●3549 16.4770
1.0430XKI 53.313961
1.0430000 53.313962
1.043CKI02 53.313962
1.04300031 53.313962

A72 If2(l) I f;(1)

).05
.025
.025
●01
.01
.01
.005
.005

1.0000
1.0000
1.0000
1.0000

.7646
1.2669

.6461
1.4064

0.000011
.000001
.cx)ooo5
.000003

11.9381
11.3912
-17.4c837
17.9747

-2.6393
-2.6382
-5.9974
-5.9989

-16.7769
94.#72

-882.4”353
8M.7355

-0.635[
- .64&

-43.496
-43.512

-30037.447
24386.718

-42863.032
40368.260

.

●

$
1-a

(b]Seiufporousduct
—

‘ed,wf;(o) ‘1 AV1 fJl) fi(l) f;(l) f;’(1)

-20 13.C038 -65.3486 0.025 0.9999 -0.0002 -3.1067 -3.2192
-20 13.0040 -65.0040 .01 1.CQOO -.0001 -3.2420 -.5100
-20 13●0039 -65.3486 .0025 l.CmO .Oooo -3.2418 -.5126
13 .0855 9 ●1350 .025 1.0000 .0000 -30.283 -384.54
13 .0832 9.1406 .01 1.QOOO .0000 -30.321 -385.04 .

(c)Poroustube

‘et,w f:(l)- % ATIt ft(o) f;(o)
?

f;(o) ?ltfy(o)

-lo -1.2052 -7.47500.05 0.0000030.8466 -0.3116 0.0043
-lo -1.2052 -7.4752 .025-.000004 .8467 -.3158 .0093
10 -2.2940 3.3059 .05 .000000 .4907 .8979 .Oooo
10 -2.2940 3.3058 .025 .00000 .4907 .8980 ,0000

0
Step-sizecheckswerealsomadeforintermediatewallReynolds

numbers.However,thegreatestdifferencesdueto stepsizewereat the
extremewallReynoldsnunibers;theseareshownintheprecedingtables.

—

A studyofthetableforthefullyporous duct showsthatthevalues
of f2 and-itsderivativesat q = 1 ‘f& Red
differentfor Aq = 0.01 and Aq = 0.005.Sin~~
(f~(0)and A2)changedverylittle,solutionsat

werenotattempted.

= 98 areconsiderably
theinputvalues
a smallerstepsize

.

.

.
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- 3.1173
- 3.4658
- 3.7014
- 4.0637
- 4.3116

:::
.35
.40
.45

.bO

.55

.60

.65

.70

.75
ao

;R5
.90
.95

.1870

.a 542

.3201

.400a

.47bb

.5s17

.6a48

.6945

.7595

.0187

.B711

.9157
AH;

.9944

17.3794
16.0380
14.7161
13.470s
i2.3iaa

11.2699
1:.:;:!

a:694a
7.9781

7.3008
6.6411
k..9Bas
5.3070
4.6016

3.a545..00 1.t3Q1a
——

1.0000 - 4.s 038



TAB12.II. - Cmoluded. HOR2SIC4L SOLWIOIL9 FOR S3ZRFOFJ3U2WC!

) Red,w - 4 (motion]

f!(o)= 4.1699

7?1

.00

.05
10

:15
.20

:?:
.35
.40
.45

.50

.55

.60

.65

.70

.75

.80

.s5

.90

.95

.00
—
s]

nl

I:gg

.10

:::

:;:
.35

:::

.50

.55

.60

.65

.70

.75

:::
90

:95

.00

O:ggg:

.oaoa

.0448

.0702

.laao

.1695

.2259

.at183

.3558

.4a74

.501s

.5775

.6531

.726e

.7967

.8606

.9160

.9599

.9 L79a

fJ

f?(o) = 0.C4M5

L

0.0000
.203Ei
.3980
.5819
.7546

.9149
1 .0610
1.191a
1.3033
i .3950

1.4634
1.5059
1.5191
1.4995
1.4431

1 .34s4
1.2010
1.0035
.7447
.4147

.0000

mlotim)

0.0000
.0003
.0019
.0061
.0139

.0264

.0448

.0702

.1034

.14s5

.1971

.a5a8

.3306
,41e3
.50a9

,6007
.?027
.eo39
.0968
.969o

1 .0000

fi
O::::;

.0542

:::;;

.3059

.4341

.58e9

.750e

.9349

1.1313
1.3346
1.5370
1 .7270
1. B9a3

Q. O1OO
2.0514
1 .9725
1 .7028
1 .iaio

.0000

Al - - 5.7616
(lF/%)p . 0.1239

f’1

4 .1699
3.9609
3.7837
3.5706
3.3348

3.0700
a.7703
a.4305
a.0455
1 .6101

1.1194
.5677
.0512
.7452

- 1 .5243

- a.4oi8
- 3.3961
- 4.5331
- 5.8493
- 7.3966

fl

3 .7516
3 .8360
4.0791
4 .4667
4 .9861

5 .6a69
6 .3769
7 .83al
e .1’977
9.s434

- 10 .4045
- 11 ,68a9
- 13.1004
- 14.69S6
- 16.5140

- 10 .6469
- ai. ais5
- 24 ,3880
- 28 .4300
- 33.7078

- 9.a 493 - 40.74.27

~ . S,1360

(6*/W . 0.0351

0.0855
.54a3
.99s7

1 .4539
1.905s

2.3480
S.7747
3.1739
3.5298
3.8218

4.0193
4.0865
3.97a8
3.6101
a.9088

1.7094
.1940

- 3.le97
- 7.9061
-xs. ooaa

‘30. B825

y
9 .13s0
9.1339
9 .Iaal
9 .0768
e.961e

8.725o
a .3028
7 .6131
6 .5.349
5.0028

a ~;;;~

: 1:;;::;
- 18 .4346

-3 .0354
- 47,3467
- 74.7803
-Iai .6604
-200 .7866

-304 .5379

4, .

v R,d.w- 10 (su.atim)

5
0.0000
.ooal
.008.9
.0207
.03.93

,.06a3
.0931
.1310
.1764
,ss94

.a900

.3579

.43t36

.5131

.5980

.6052
,7719
.6540
.9256
.97a5

i .0000

(El)-1.5922

fi
0.0000
.0860
.la40
.a937
.414.5

.5455

.6as5

.8324

.9a39
1.1367

l.a 067
1.4S06
i.555a
1.6597
1,7294

1 .7505
1.7038
i.559a
z“.a789
.795a

.0000

1.596a
1.a401
s .0763
8 .307a
2 .6sa6

a .7150
2 .E17551
8 .9937
S.0551
3.0435

a .93.98
a .7159
9 .3429
1 .7779

.963o

.1056
- 1 .7957
- 4.0743
- 7.3730
-la .3a41

-ao .0963

1

,1

4.a506
4.8163
4.695o
4 .466?
4.0999

3.5661
a .8879
1.a484
.65az

1.oa9t

3 .la31
5.a3al
9.2165

i3 .573a
19. a999

a7.06a7
3a. oao5
;; .;:; :

- la2:065a

- 196.lla3 i

nl
0.00
.05
.10
.15
.ao

.25
,30
.35
.40
.45

.50

.55

.60

.65

.70

.75

.ao

.65

.90

.95

1 .00

,



, 9
.*-ALU

, ,* ,

TAaL2 nl. - 2mlamc4.L orlowmRRFm23ma2

w----1: &ctlm)
1) .
,- 7.+7E2

P/% - 0.26BB
lltr{,[0) . 0,00s3

- - 4 (qmc!.-.!l),W

l)-- 1.13s1

--3.7m

!s/’%-0.2338

ntr: (0) - - O.ccoa

r:nt
.00
,95
.90
.8s
,80

.75

.70

.65

.60

.55

rt f! *t nt

0:::::
.4940
.46166
.4763

.463a

.4474

.4890

.407’9

.3843

.3586

.3306

.s004

.2683

.2343

.19.26

.1614

.iaae

.0889

.0419

1.0000
.0599
.1190
.1771
.B 339

.a894
,3438
.3953
.44s4
.4914

..5391

.66235

.6a53

.6615

.6970

.789s

.7591

.705?

.6092

.0895

.0467

l.tlm)

- 1.s?052
- 1.1909
- 1.i7a4
- 1.1499
- 1 .1834

- 1.09S3
- 1.0595
- i.oea~

.9.218

.9s82

.8916

.s4a4

.7906

.7365
,6003

.

0.a442
.>a84
.4104
.4898
.5664

.6401

.7106

.7778

.8416
,9018

.9588
1.0109
1 .0596
1.1044
1 .145a

1.1819
1.ai4s
i .a4a8
1.a65a
1 .a660

O:!:::

.494s

.4872

.4773

.46*I3

.4495

.4317

.4113

.3805

.3633

.S33B
,3061
.e743
.a 404

.a046

.1669

.la75

.0865

.0439

).0000
.057s
.1139
.1697
.aa45

.a76a

.3S00

.3HB1

.43ao

.4e04

.5a73

.5729

.6159

.6576

.6973

.7361

.7709

.8045

.8360

.0655

- 1.1s31
- 1.1398
- 1.1840
- 1.1060
- 1.0057

0.8430
.a9i0

:;;:;
.4a75

.4704

.5118

.5517

.li901

.6069

1 .00
.9b
.90
.8$
.00

.76

.70

.65

.40

.55

.50

.45
:::

.30

85
:ao
.16
.10
.08

.00

- 1.0633
- I,03B7
- 1,0121

,9e36
.9631

,9a09
,8889
.e5x4
.824a
.7756

,7s65
.694a
.6617
.6080
.5632

-

::
40
3s
30

.66a~

.695e

.7a7e

.75ea

.7860

.e13e

.B391
#mail’/
,ea47
.9064

es
20
78

.10

.06

.6aai

.56a1

.5007

.4379

.5744

.3168

WA-C

.00 .0000
.—
~) R9&” --2(

-
,“ - 1 (motion) 0*/h - 0.S.927

1) . - 0.6ZQ5 n~f: (0) - 0.0020

.89as

ntf: (0) - 0,0001[1) --1.1056

-- e.sebo . . 0.1930647

Wt

,00
.95
.90
,85
.,90

.75

.70

.65

.60

.56

.50
49

:40
.s5
.30

.e5

.20

.19

.10
,0.5

G

ft

0.5000
.49E6
.4946
.4e77
.478x

.4660

.4515

.4340

.4141

.3Qlq

.3671

.3400

.3106

.a 790

.a 45a

:::;:
.iyla
.08’23
.045b

~

f4 r;

0.0000 - 1.10s4
.0 S,30 - 1,09s4
1096 - i.oe40

;1654 - 1.071a
.a 166 - 1.0571

.a 691 - 1.0417
3aoe - i .0260

::;;: : 1.ho71
:;:;;

:4703 -

.5iaa - .946a

.5649 - .’9E!3?

.6105 - .9001

.6549 - .a754
,6981 - .849?

.73Q9 - .8231

.7’804 - .7955

.8104 . ,7670

.0670 - .7376

.B9Ye - .7074

f: ~:

o.a802
.a69!a
.aea6
.s084
.32a6

%
1:::

.90

.e5

.eo

.75

.70

.65

.60

.86

.60
,45
.40
.s5
.30

.25

.20

.15

.10
,06

.00

o.ze7z
.a149
.a42e
.a690
.5?952

.3209

.3459

.3703

.394e

.4174

0.5000
.4959
.4955
.4e99
,4Bao

,47i7
.4690
.4439
,4a63
.40b$?

.s.335

.s581

.3300

.299E

.a 655

.aaoo

.1894

.1468

.1011

.05aa

0.0000
.0444
.089.6
.1364
.18ao

.a804

.07?7

.3a69

.37?1

.4aa4

.4807

.534a

.5889

.644E

.7021

.760e

.ealo

.08a7

.946o

.0110

.077?

o.seas
.8953
,909a
.9e4i
.9401

,9570
,9750
,9941

- 1.0142
- 1.036S

- 1,05B0
- 1.0816
- 1.1064
- l,13a8
- 1.1590

- i.ices
- 1.8184
- I, B49U
- i .2ee5
- 1.316?

- 1.sba4

.3493

.3705

.398a

.4144

.437a

.4605

.4M44

.boee

.b339

.5596

.8060

.613i
,6409
.6694
.6987

.72e7

.4s99

.4618

.48s0

.s03s

.5a33

.5425

.5609

.8787

.5998

.61a4

.6!216.9a78 - .6764 ,00(70



TA2U3 III. - C0UClUd40. 31U?L2RICALSOLTXT022 20S P08002 TURB

(e) m. ~ - 2 [motion]

i

.5*/’s- 0.4257 n(r)ntf: (o) .0.0000

~ * - 2 (mctica-1)

[i) -1.1844

5%3 - 0.4210

lltq’(o) - .O.W2[ij = - 0.5s33
- o.9m7 - 4.59541’

f: ft

O .9607 0.5000
1.0315 .5014
: .:~:: .5051

.5106
1 :2059 .5i7a
1.2734 .5242
1 .3454 .5309
1 .4194 ,5364
1.5006 ,5400
1 .5874 .5408
1 .6801 ..3377
1.779a .52Q7
1 .8851 .5156
1.9982 .4942
S.lle? .4641
2.a 479 .4239
2.3855 .3714
2.5324 .30!$1
2.6B92 .222E
a .0565 .1220
S .0348 .0000

(h)l
b.

r;

0.0000
.0534
.094-7
.i 23a
.1383
.1392
.1249
.0943
.0464
.oaos
.1073
.2165
.3499
.5099
.6993
.9214

I .17!77
1 .4787
I .aa30
3.a183
? .67o9

[

%

1.00
.95
90

:as
.80
.75
.70
.65
60

:55
.50
.45
.40
.35
.30
.25
.eo
.15
.10
.05
.00

(s)1
R%,w
r:(l)

-
D w::

.49?0

.4931

.4874

-
>.0000
.0294
.0614
.0961
.1337
.1743
.2160
.2652
.3158
.3’/03
.4287
.4913
.55s3
.6301
.7068
.7009
.0766
.9702
.0702

: ::;;;

- o:::;~

.6665

.7a83

.7010

1.1844
.9488
.7008
.439a
16a3

:1316
.4450
,7804

- 1.1413
- 1.5314
- 1.9552
- 2.4T79
- 2.9254
- 3.4847
- 4.1035
- 4.7911
- 5.5576
- 6.4149
- 7.3763
- 8.4570
- 9.6742 T

4..5934 1.00
4.33320
S.0919

95
:90

5.3793 .as
5.7009
6.0644 .::
6.4782 70
6.9519 :6S
7.4962 .60
8.ta31
B. 8461 ::;
9.6804 .4s

10 .6431 40
3.1 .7531 :3s
13 .03ao .30
14 .5040 .25
16 .1962 .ao
16 .1391 ,15
20.3672
22 .9187 :::
25. a391 .00

.4797

.4699

.457a

.4433

.426a

.4062

.3832

.3570

.3a73

.2959

.2565

.2149

.16ee

.1178

.0617

.0000
,

.S 429

.9083

.9774
- 1.0603
- 1.1975
- i .2092
- 1.29.36
- ~.3a7a
- i .484a
- 1. S871
- 1.6963
- 1. B121
- 1.9350
- 2.0655
- 2.2041
- 2.3513

.

.
10 (motion)
- 2.2940

.% - 3.s06s - - 10 (Nctlm) At - 2.026S

rltrp(o)-- O.omlntf:l(o) - 0.IXH2Q
II

f;{ij- - 4.0122

[

%
1.00

:;:
.R5
80

:75
.70
.65
.60
.55
.50
.45
.40

:;:

:::
.15
.10
05

-00

ft f~

3.0000
.1077
.a 026
.2863
.3s99
.4a4a
.4799
.9274
..5671
.a 99a
,6279
.6413
.6516
,6546
.6510
.6404
.6831
.5992
,8691
.5328
.4907

--z----- a.2940
- a.oaoa
- 1.781B
- 1.6691
- 1.3761
- 1,19s0
- 1 .0307

.87j2

.7174

.5676

.420!3

.2765

.1342

.0061

.1442

.2797

.4121

.540Q

.6653

.7 S!46

.0980

f;, ft r;

5.s 703 0.5000 0.0000
5.0924 .4953 ,le39
4.4933 .4a2i .3374
4.0378 .4620 .4637
3.6961 .4361 .5656
3.4435 .4068 .6449
3.2594 .3720 .7032
3.1266 .33.68 .7419
3.0313 .2981 .7620
a .9620 .2599 .7647
2 .9096 .aa19 .7s10
a.0664 .1850 .7221
2 .8264 .1500 .6791
2 .7847 .1173 .6234
2 .7374 .0878
2.6a14

5561
.0619 :4789

2.6143 .0401 .3931
2.5341 .02a7 Soos
2 .4395 .0101 :2027
8 .3294 .ooas .1013
2.z 03a .0000 .0017

r;

- 4.0122
- 3.3606
- a.7a82
- 2.274S
- 1.8057
- 1.3716

.!166a

.5a4i

.::::

:4296
.7a29
.991?

i.a34B
1.4499
; .::; ;

1:9103
1 .9974
2.0497
Z.0667

r;,

- 13.9822
- 12.1639
- l;::;:;

9.ooa5
B.3820
7.8649
7.406n
6.9747
6.5447
6 .0990
5 .6289
5.125a
4.5s54
;.~cii;

2 :7954
a .0864
1 .396*

.6932

.1776

nt
.,00
.95
90

:85
.;:

:70
6.3

:6o

::2
.45
.40
.35
.30
.25
.ao
.15
.10
.05
.00

-
0.6000
.4973
.4a94
,4772
.4610
.4413
.4107
.3936
.3661
.3369
.3o63
.2746
.a423
.2o96
.1769
,t 446
.li30
,0824
.053a
.oa56
.0000

- was not at omtar of ohnnuel.

- ,-
. ● ● ● , ,

I
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TASL2 N. - NllMEllC#LSOWIOllS PC?lPOROUS !42ME

rbw .-2.0

r;to) - 0.476s

~
0.00
.20

:::
.80

1.00
1.80
1.40
1.60
1.80
2.00

8.20
2,40
2.60
2.80
3.00

‘5.20
3.40
3.60
3.11o
4.00

,4.20
4.40
4.60
4.80
5.00

5.20
5.40
5.60
S.flo
6.00

6.20
6.40
6.60
6.RO
7.00

7. ’20
‘7.40

-—

‘b

-2.0000
-1.9906
-1 .9626
-1 .9166
-3..8534

-i .7739
-1 .67.99
-1 .5696
-1.4471
-1,3124
-1.1669

-1 m:;:

.6760

::;2:

.1301

.0602

.2631

.4481

.644’7

,8423
1.0406
1 .2398
1.4392
1.63a9

1.8386
2.0385
a.83a4
e. 4384
2.6384

2.8.?E14
3.03E4
3.a?B4
3.4384
3.6384

3.8384
4.0s84

n
0:::::

.le5s

.2735

.3575

.4370

:;:::
.6440
.7016
.7530

.’7985

.8s81

.0780

.9006

.9242

.9434

.9505

:::;2
.9850

:;:;:
.996a
.9976
.9906

.9992

.9995

.999e

.9999

.9999

1.0000
1.0000
1 .OQQO
1.0000
1.0000

1 .Ofloo
1 .0000

Su - 1.0

P*
~ - 1!s618

%
0.475B
.4642
.4491
.4307
.4093

.3863

.359a
3314

:3023
.2725
.2424

.2126

.1636

.1660
1301

:1065

.0654

.0670
,0513
,03a4
.0279

.019s

.0137

.009-1

.0059

.00s7

.0o23

.0014

.0008

.0004

.Oooa

.0001

.0001

.0000
0000

:0000

.0000

.0000

%
0.0484
.0670
.0842
.0998
.1136

.12S4

.1352

.1427

.1478

.1503

.1502

.1474
,1419
.1340
.li?39
.llel

.0990

.0E52

.0714

.0583

.0461

.0354

.oa64

.0190

.0133

.0089

.0958

.0037

.0022

.0013

.0007

.0004

.0002

.0001

.0001

.0000

.0000
,0000

‘) fb,” - - 3.0

f{(0) - 0.329S

r~

- 3.0000
- 2.9934
- 2.9738
- 2.9413
- a,8962

- a,83e6
- e.7691
- 2,687B
- 2.5954
- 2.49al
- 2.3786

- 2.2553
- a.1228
- 1.9ale
- 1.83a7
- 1.6764

- 1.5134
- 1,3443
- 1,1699

.9907

.8074

,62o7
.4309
.2s88
. 446
.1511

.3481

.6459

.7445

.9436
1.1429

1.34a5
1.s42a
1.7421
1.9420
a.1419

2. S419
2.5419
2.7419
2,9419
3.1419

3.3419
3.5419

n

+
0.0000
,0656
,1305
.1943
.2569

.31E0

.3773

.4346

.4097

.5424

.59a5

.6399

.6643

.7a57

.764o

.7990

.9308

.a .593

.8845

.9066

.9a56

.9417

.9558

.9662

.9750

.9019

.9872
9912

:9941

::;$i

.99.95

.9991
,9996
.9997
.999EI

.9999
1 .0000
1.0000
1.0000
1.0000

1.0000
1.0000

2U-1. O.

6*-
~ - 1.s6s1

O::;::

.3a20

:;:$:

.3011

.a917
,2812
2697

:2572
.8 $38

1507
:1343
1183
:1027
.oe79

::::;
0493

:0391
.0303

.oaa9

.0169

.oiai
0085

:005s

.0038
00a4

:0015
.0009
.0005

.0003

.000a
0001
:0000
.0000

.0000

.0000

0.0116
.oia5
.0253
031s

:0301

.0441
0498

:05s9,
.0602
0649

:0691

.07a6

.0760

.0786

.0805

.0816

.0818
0811

:079a
.0763
.07 aa

,0673
.0613
.0547
.0476
.0404

.0334

.0268

.oao9

.0158

.0116

‘.0062

:::::
.ooa4
.0015

0009
:000s
.0003
.0001
.0001

.0000

.0000

nb

0.00

:::
.60
.00

1 .00
1 .ao
1 .40
1.60
1.00
a.oo

a.ao
a.40
ao60
2.80
3 .00

3 .80
3.40
3 .60
3.80
4 .00

4 .ao
4.40
4 .60
4.00
5 .00

5.20
5.40
5.60
5.BO
6 .00

6.20
6.40
6.60
6 .80
7 .00

7 .ao
7.40
7 .60
7.80
B .00

8.20
8.40

,,
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TABLEIV. - Concluded. NUMERICALSOLUTIONSFOR POROUSWEDGE

:C)
fb~= -2.0 E-u=..0.5
f;{O) = 0.32446 6*-

x
= 1.8464

??b fb -f! fg f~
0.00 2 .0000 0.0000 0.3245 - 0.0133
.20 -1..9935 .0646 .3214 -
.40 -Y..97’42

.01’74
.l~85 .3175 - .0216

.60 -1.9422 .1915 .3127 -

.80
.0261

-1..8977 .2535 .3070 - .0309

1.00 -.1.8409 .3143 .3003 - .0359
1.20 -1.7720 .3736 .2926 - .0413
1 .40 -1 .6915 .4313 .2838 -
1 .60 -1..5997 .4870
1.80

.2738 - :::::
-Y..4968 .5407 .2627 - .0590

2.00 -1.3835 .5920 .2502 -
2.20 -1..2602 .6407 .2366 - ::%:
2.40 -1.1274 .6866 .2218 -
2.60 - .9858 .7294 .2060 - .0817
2.80 - .8359 .7689 .1892 - .0857

3.00 - .6784 .8050 .1718 - 0886
3.20 - .5141 .8376 .1539 - :0899
3 .40 - .3436 .8666 .1359 -
3,60 - .1677 .8920 .1182 - :;:?;
3.80 .0129 .9139 .1011 - .0833

4.00 .1976 .9325 .0850 - .0778
4.20 .3857 .9480 .0701 -
4

.0709
.40 .5767 .9607 .0567 - .0631

4 .60 .7698 .9708 .0449 - 0547
4.80 .9648 ,9787 .0348 - :0462
s .00 1.1612 .9848 .0264 -
5.20 1.3587 .9894 .0196 -
3 .40 5.

::;::
.5569 .9928 .0142 -~ .0237

.60 3..7557 .9952 .0100 - .0180
5.80 i.9549 .9968 .0069 - .0133

6.00 2.1544 .9980 .0046 - .0095
6.20 2.3541 .9987 .0030 - .0066

2.5539 .9992 .0019 -
2::: 2.7538 .9995 .0012 -
6.80

:::::
2.9537 .9997 .0007 - .0019

7.00 3.1537 .9999 .0004 -
7.20

.0012
3.3537 .9999 ;0002 - .0007

7.40 3.5536 7..0000 .0001 - .0004
7 .60 3.7536 1.0000 .0001 -
7.80

.0002
3.9536 3.0000 .0000 - .0001

B .00 4.1536 1.0000 .0000 -
8.20

.0001
4.3536 1.0000 .0000 .0000

8 .40 .4.5536 1.0000 .0000 .0000
R .60 4.7536 I .0000 .0000 .0000

8.80 4.9536 1.0000 .0000 .0000

.

●
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TAELEV. - SUMMARYOF DIMSNSIONLE8SPARAK6TER6FORTX6DIFFERENTGEOMETRIE9

(a)Fullyporcm channel.

%,w k f;(o) (=*/h)2 *2 ~2,x T2 Addl~lonal
InformetIon

Refer-lPageor tabley

-

I 1 1 1 1

Ejection I -20 -27.028I 1.53S00.17489
-lo -14.870 1.5252 .17217

I I -4

I

-7.698 1.5199

I

.17102
-2 -5.33031.5066 .16814
0 -3 1.5000 .16667

Suction 2 -0.70461.49230-16494
10 7.91391.44i’3.15453
20 16.478 1.3549 .13097
40 26.055 1.1551 .06714
9a 53.314 1.0430 .0206

0.3299-0.05141.36E9
1.5453 .52231.6236

II

;:
2.6194 .83442.3189 If
2.8856 .40673.6513 Ig
2.019 .0868 Ih , (i),or

(b)Semlporouschannel

~~
—

ditlonel
,formatlon
Pageor table)

T

11 a
IIa
IIb
IIb
11 0

Red,w Al

-65.350
.65.350
-38.103
-38.103
.32.655
-32.655
.21.947
.m.947
.19.36
.19.36
.16.82
.18.82
.14.37
.14.37
.12
.12
-9.742
-9.742
-3.7516
-3.7516
4.8506
4.8506
9.1350
9.1350

‘1

G
metI I

L3.00410.2731I-5.462E~ectlon Porous -20
eolld o Zazx2-311321 1310

t3.004 .0882 0
LO.037 .2419 -2.419
10.037 .1099 0
9.3296 .2318 -1.854

porous -lo
solld
poroue-:
solld o
porous-4
solid o
porcam -3
aolld o
porous -2
eolld
porous -:
solld o
porcus o
eolid o

SuctionPorous
solid :
porcus 4
solid o
porous 10
solid o
porous 13
solid o

-1.44541.1555
-.29831.4301
-1.14281.1688
-.28991.4192
-.60771.2225
-.26611.3883
-.49481.2439
-.25701.3752
-.39051.2685
-.24791.3653
-.30031.2996
-.23661.3513
-.22221.3336
-.22221.3336

9.3296 .1167 0
7.7620 .2049 -.8198
7.7620 .1356 0
7.336 .1965 -.5895
7.336 .1416 0

HII C

E:
18

t

6.900 .1870 -.3740
6.900 .1490 0
6.454 .1772 -.1772
6.454 .1573 0
6 I .1667 0
6 .1667 0i 1

5.542~0.1557 0.1557T.0.15751.3706-.20451.3113
-.03671.4843
-.11941.2072
.01371.6135

18
5.542 .1774 0
4.1699 .1219 .4676
4.1699 .2199 0
1.5982 .0703 .703

18

H

II e
II e
II f

1.5982 .3586 0
.0855 .0551 .716 Hnf

IIg
IIg

.3562 .6546

.01361.6256
.0855].4577 Io .9323] .3813

(c) Porous tube

Ret,w At q(l) (6*/’R)t 4~ Tt,x

E~ectlon I -lo-4 -7.4751-1.20520.2589 -2.5894
-3.7023-1.1531 .2838 -1.1352
-2.3900-1.1054 .3014 -.6028
-1 -1 .3333 0
-0.1910-0.88230.3627 -0.3627
.9s07 -.5633 .4257 .8514

4.5834 1.1844 .4210 .8420
3.3058-2.2940
2.0666-4.0122

-1.1841
-.6683
-.48951 -2
-.2222
-0.0466mu .2754
.6097

.

‘RomannumeralB Indicate tables XnpreBentreport.
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T~LE V. - Continued. SUMMARY OF DIMENSIONLESSPARAWEFLSFORT~ DIFFERW @EoM.WEUES -.

fb,w

.4.3346

.3.1905

.3

.2.:

.2

.1.4618

.1.2384S

.1.2

.1.198

.1.15

.1.10

.1.05

.1.0

I
-.95
-.9S82
-.90
-.s5
-.80
-.75
-.70

-.65
-.60
-.65
-.5

I-.4643
-.43
-.40
-.3!5
-.30
-.2s
-.20
-.15
-.1107
-.10
-.0s

o

1

ml

1.0

:::

1::
.1111:

0
0
1.0
0

0
0
-.0072
0
.05

.15

1::
0
.1111:

0
0

:
0

~

-.041a
o

1::
.11111

0
0

:
0
0
0
1.0
0
0

0.0904
-.0868.
-.0628
-.0741-
-.0654
-.0476
0
.05262
.11111
.1765

.25

.33333

.4286

f{(o)

).2300
.3106
.32945
.S2446
.47561
.15116
3
.0033975
.6664
.00865
.01728
.025957!
>
.03s5175
.1410
.2703
.5345
.7565
.04586
.2391
.058695
JXCE25

.0936125

.1068050

.1206675

.~34a7cm

.1494s5
)
.16449
.6974
.9692
.3602
.1728650
.19S5875
.2116425
.2280125
.24466JM
.2616350
.2706$25
..171
.29635(X
.314085

)
.0561
.0870
.1296
.1637
.2202
.3321
.4259
.5120
.5942

.8753

.7575

.8U8

(d

3*6 = ~
x

2.5734
1.93-95
1.65S1
1.8464
1.S61S
2.8911
19.29038
7.85212
1.01s0
6.25417
5.40261
4.62483
6.398
4.39079
2.796
2.008
1.260
.945

4,04534
2.1452-
3.76021
3.51861
3.309S8
3.12695
2.96469
2.81935
2.68814
2.56880
4.272
2.4599
1.034
.7605

1.6602
2.35976
2.26737
2.16177
2.10220
2.02s02
1.95866
1.89364
.6763

1.83255
1.77503

3.4977
2.9702
2.7626
2.5097
2.3356
2.0919
1.7207
1.4681
1.3199
1.1876

1.0785
.9851
.9037

‘orouswec

@b

11.1547
-6.2486
-5.5743
-2.7696
-2.7232
-2.3479
11.9455
-4.7113
-1.2196
-3.5961
-2.9714
-2.5330
-3.1760
-2.1954
-1.4679
-1.1548
-.945
-.943
-1.9215
-1.1181”
-1.6921
-1.49s4
-1.3240
-1.1726
-1.0376
-.91828
-.S0844
-.70642
-1.0234
-.61498
-.3878
-.3802
-.4282
-.53095
-.45347
-.38181
-.31533
-.25S30
-.195866
-.14202
-.07487
-.091627
-.044375

0

I

‘b,x

-6.6224
-3.8357
-3.4525
.1.7046’0
-1.8s40
-.92s71
o

-Lmr
o
0
o’
.29+7

o“
-.3909
-.6048
+W:

o .
-.51132
0 1..
0
0
0
0

0 ““
o “-
0 -.

.762.8
0.
-.5348
-.6092
-.30625
0
0.

—.
: :-
0
0
0
-.4574
0
0

1.1059
.76%
.6305
.4867
.3568
.2Q83

o“
-.1167
-.1936
-.2409

-.2908
-.3234
-.33?30-

‘b

1.1836
1.2166
1.2243
1.1982
1.2957
.8740

0
.05272

1.3875
.12071
.18671
.2s348

o
.s1190
.7885

;.;::;

1:4298
.37104

1.0258
.42787
.48252
.53s01
.58544
.63388

.68041”

.72510

.76799
0
.60926

1.4422
1.5129
1.1960
.84608
.86694
.92351
.95886
.99243

1.0249
1.0561
1.5619
1.0s62
1.1150

0
.3451
.4607
.63Q5
.7647

.8213
1.1429
1.2684
1.3516
1.4113

1.4566
1.4924
1.5215

AdcM.tiOl
Referenoe

23
23

~hlsreport

i

E
21
23
21
21
a
20

13,21,23
ZQ

2
13
21
22
2L
21

2:23
21.

I20
13,20,21,2:

3-3
13

E

23
21
21

13,19,24

I
9,20,21,23

19,24
19,22,24
19 24

1

1 information
Page or tabll

63

H

I;3b
Ivc
IV a
12

63

18;;,46
41
42
19
20

12

**46

28
15,21,*,46

18
17
12

63

11,27,29

T
12,2j7,29

1
.2,237,13,*,46

237,i?9
237,12,?9
237,28

I

—

—_

+

k

E

.——

—
*Pages in table8 of ref. 21 are not numbered.
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TK6L3 V. - Comluded. SUMMSY OF DIHENSIOSLESS P~ FOR THS MFFER!9W 020-s2

(d) Conoltied. P.rouB wedge

‘bJw

o

I
0.05

.1

.15

.2

.25

.s

.36

.4

.46

.5

.5

.!mo5

..9

.7
,8

1::
1.095
1.1
1.2

H

i::820
1.9265

2.0
:::84
5.0
3.5

4.0
5.0
6.0
6.4199
0.0

Eli f;(o) rl*A/q _
—-1

x

m
I

.4443s5

.4657100
,4832525
.502960
.6226E25

1.0 1.5418
.11111 ,7030

0 .562995
.603725
.844970

1 .66.2s95
.7280876

:.0 1.9550

I

.77:455

.814430

.6577600

.9014ss0

.9454225
.11111 1.2271

1.0 2.6060

1.46025
1.41257
1.S7864
1.34231
1.30949

.5419
1.0612
1.24S01
1,19151
1.1s945

1,09130
l:mM:7

1.00621
.9685S

.93050

.89682
,66523
.6967
,s406

1.169425
:

.75335
1.398625 .6ss80

1.0 3.2400 .2900
0 1.6322E5 .55!340
,11111 2.1!532 .43B3

a

.041737

.001049

.11612

.15313

.18622

.21754

.24720

.275S3

.30202

.52737

.2710

.2951

.37440

.41703
,46570

.49108

.52334

.4862

.55286

.57995

.60486

.62777

.64692

.8515

.6714

.73535

.79225

.77E6

.S3460

.8404

.86940

.92172

.94209

.9407

.976%

T
-0.3047 1.5370
-,3806 1.5652
-.419.9 1.6972
-.4418 1.6213
-.4733 1.6546

To 1.1695
1.1952
1.2200
1.2438
1.2667

I
1.2886
1.31C0
1.330s
1.3m3
1.3693

-.P937 1.6710
-.12515 1.4920
0 1.4Q52

I

1,4387
1.4696

1.4986
1.5256

-.1971 1.7360
0

I

1.5509
1.5744

1.5964
1.6166
1.6360

-.05393 1.7096
-.1215 1.6176

0 1.7162
0 1.7732
-.0841 1.a792
o 1.6163
-.02115 1.8614

1.8743

01
1.8097
1.9326

-.00774 1.9427
0 1.9720

Additional

Ref%m.enoe

20,23
19,24

5’lgi%?’2

I

21

i
’21;23

23
22
21

I
Q1,2s
23
21

I

Lnfomnation

Page

13,1A
257,29

14,237,16,*,41
237 29

(

●,M
a3
12

*,46
63

B,46
12
63

63
●,46
12

●,46

12

*m*Pagea In tables of ref. 21 are not numbered.
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(a) Iuct (mmlmrcme).

“t’

(b) Ihct (fully P-). ,

(c)POrOu.9tube. (d)~hm mP==-Wd@m

Fi@ra 1. - Cametrien ofmrions flaw configurntiom.

El



● s. ●

,-” -u
4 I

2

~ I

1
f2

o

\

~ (:

: -1
ftl

2 \2
\

/

-2 \
/

\
m

~
-3

/ ‘

-4-
0 .2 .4 .6 .8 1

DlmensionleeE dlBtanoe, ~z

10

\

5

\

/
/:

~
~

-5 / %
/

/

-lo /

-15

I

-20 /

(Porou;)(/Olid)
.2 .4 .6 .8

(PO::,
Dlmenmionle8adiBtIinOe, ~

(a~e~;:y-fpm duet; wall Reynolds number (b~e:ern.po$uaduet; well Reynoldsnumber

? I

Figure2. - RepresentativeBolutlonof appropriateequation(7).

)

I



1 3

—
\ /

0.5 - — — 2

ft
/ .

0 ~ 1
f~

\ _

c
: / ‘
w -0.5

\
# o

— _

f;

i E

q -

\ /
/

.1 /
/

— -
~

.5 -2

Wall Ual 1

-2
0 .2 .4 .6 .8

-30
1 2

(PO:;:.)
3 4 5

DimensbnleBs distance, ~t Dimensionless distance,?$

(c) P0rCU9tube;wall Reynoldsnumber Ret,w, -10. (d) Boundarylayer;IWer number,1.0; wall
bandary-layer function fb,~, -1.198.

Fiwre 2. - Ccmclutled.Representativeeolutionof appropriateequation(7).

-1

t

-1

. ? ,.
,

I I ‘i ~ ● * “. ,---,.-



. . b

-.

-4518 ‘ ‘

1

E*
.0

;lllllll’wll!-l. ~

LJ-

- 1 1

-’4

0

Wtagnati on fl@# A
v

I
Suction

-7 -6 -5 -4 -3 -2 -1 0 1 2
Dimf?nB10nle6Bflow parameter, *

(Fi) AbBCh3a Ei081e,-7.0 s O s 1.0.

~eometry Euler
number

RI

[
Duct eemiporoua)
Duct fully poroue)
Porous tube
Boundary layer 1.0

I
.5
.15
.11
.05

0 H

3

Figure 3. - Dimensionless pressure gradient,gand flow parameter for various geometries.
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